A two-dimensional water quality management model, the unsteady/uncertainty water quality model (UUWQM), is developed for three kinds of analysis: hydrodynamic and advection-diffusion analyses by using the Petrov-Galerkin finite element method, and a reliability analysis by using uncertainty techniques. This model is then applied to a 35 km reach of the Nakdong River in Korea. Twodimensional hydrodynamic and deterministic water quality analyses were performed in this reach.
INTRODUCTION
There are various water quality models of rivers, from a fairly simple analytical model through an elaborate unsteady flow model. Most variation in water quality in a river occurs along the longitudinal direction. Therefore, a onedimensional model, which has an average value for a section, is generally used. The one-dimensional model can be applied to most river systems; however, a one-dimensional analysis cannot fully simulate the dispersion effect occurring around a pollutant outlet such as the wastewater inflow discharged into a watershed or at a junction of two rivers. Such cases require us to apply a more detailed model.
A three-dimensional model of an unsteady state is required to numerically simulate a pollutant-mixing phenomenon in a river. However, the development of this model's structure is very complicated and it takes considerable time and effort to apply. Generally, rapid mixing in the vertical direction results in less flow variation than in the longitudinal or transversal directions. Therefore, natural phenomena can be more easily simulated with a twodimensional depth-averaged model. A two-dimensional shallow-water equation and an advection-diffusion equation have to be solved to get the numerical solution for water flow and water quality in a river.
Three numerical techniques, the finite difference method (FDM), the finite element method (FEM) and the finite volume method (FVM), have been suggested to solve these equations. Lee & Froehlich () noted that FDM requires more nodes and computational time to achieve an accuracy compared to FEM. Zhao et al. () described the limits of the FDM in simulating flow in an unstructured grid in natural water bodies and the limits of the FVM in simulating domains having discontinuities and shocks. The FEM is attractive for simulating water flow in a river having irregular boundaries and complex topography. The flexibility of the FEM allows one to choose from a wide array of linear and higher-order elements, which can then be combined to give the best representation of complex domains using an unstructured grid. An investigation showed that FEM results usually require fewer nodes than the FDM and FVM to achieve similar accuracy and consistency (Ghanem ). Gray & Van Genuchten (), Kinnmark & Gray () and Hughes & Brooks () applied the Galerkin technique to analyze an advectiondiffusion equation.
The parameters used in most models, including a twodimensional water quality model, present us with a range of values representing the natural phenomena of a river.
However, we cannot use the entire range of values in each parameter. Therefore, we need to choose a deterministic value to represent each parameter. Yet, because the mechanism of water quality reactions is complicated in structure, it is difficult to identify and apply the parameters with a deterministic value.
Therefore, the reliability analysis has to be applied to These are followed by a description of the proposed model structure and the study area. Finally, the results of a deterministic and a stochastic analysis of water quality conditions using the proposed model are presented.
DEVELOPMENT OF THE UNSTEADY/UNCERTAINTY WATER QUALITY MODEL
The UUWQM proposed in this study is composed of a deterministic two-dimensional water quality simulation model and an uncertainty and reliability analysis model. The deterministic water quality simulation model contains a hydrodynamic analysis model and a contaminant transport model. The governing equation of the deterministic water quality simulation model was solved using the finite element method.
Deterministic 2D water quality simulation model
Prior to the water quality simulation, the hydrodynamic analysis is a prerequisite. In this study the two-dimensional depth-averaged shallow water equation was solved for hydrodynamic analysis.
The continuity equation is
and the momentum equations are 
in which C ¼ depth-averaged concentration of an arbitrary species; E xx , E xy , E yx and E yy ¼ components of the dispersion tensor and R ¼ source or sink term for a pollutant.
Petrov-Galerkin finite element formulation
Equation (4) can be used to simulate a contaminant transport that is well mixed over the vertical direction (Fischer et al. ) . The Petrov-Galerkin approximation over a single element yields
The associated weighting function is defined by
where N ¼ vector of bilinear shape functions,
and ξ and η ¼ local coordinates converted from global coordinates. A hydrodynamic reaction is represented by R of Equation (4) that includes both the growth/decay and the source/sink terms:
where h ¼ depth, C ¼ concentration of pollutant, G ¼ the rate of growth/decay of water quality variables and S ¼ the rate of source/sink of water quality variables caused by interaction with other variables. Table 1 shows water quality variables that could be controlled in this study model.
The interaction of water quality variables, such as the circulation of nutrients like nitrogen and phosphorus, the growth of algae and sediment oxygen demand, can be simulated using this model.
Main features of the UUWQM
The UUWQM is developed to simulate a hydrodynamic and a contaminant transport. The UUWQM can be controlled for a water quality analysis with unsteady state, a two-dimensional DO-BOD analysis in a river and an eutrophication analysis considering the effects of nitrogen and phosphorus. The reliability analysis that considers the uncertainty of input parameters in a model could also be applied with the UUWQM. From the reliability analysis, the UUWQM can suggest probabilistic results. Figure 1 shows the structure of the UUWQM, which can be applied to a deterministic water quality analysis and a reliability analysis. As shown in the figure, the model is composed of one main program and 39 subroutines. The UUWQM has the following tools to be used as a water quality management system:
• steady-and unsteady-state tool,
• boundary tool including point loads,
• geological and meteorological data control tool,
• graphical output tool using the GUI,
• sensitivity and uncertainty analysis tool for input parameters, and
• reliability analysis tool for water quality target values. 
where the subscript p indicates the expansion will be applied at point p. The first-order approximation of a Taylor series expansion is formulated by a truncation of terms higher than second order in Equation (8). If a
Taylor series is expanded with respect to the mean of the variables, X m ðx m1 ; x m2 ; x m3 ; :::; x mn Þ, the expected value and variance for unrelated variables can be represented as follows:
EðYÞ ¼ Gðx m1 ; x m2 ; x m3 ; :::; x mn Þ ð 9Þ
Because the first approximation contains two moments, mean and variation, of uncertain parameters that are expanded at the mean value, this approach is called the mean first-order second-moment (MFOSM) method. In practical aspects, it is more desirable and efficient to treat the dependent variables separately in a different procedure as if they are independent variables (Yoon ).
Monte Carlo simulation
MCS is a means for numerically operating and repeating a complex system that has a set of random input 
where a is a multiplier, m is the modulus, X i is an initial value to generate random numbers and U i is a uniform random number between 0 and 1. In order to choose the number of simulations to use, escalating numbers of simulations, up to 3,000, were considered. As shown in Figure 2 , 1,000 simulations were required to achieve estimates of output standard deviations of DO and BOD within about 5% of the average standard deviation with 95% confidence. Therefore, 1,000 simulations were used in this study.
Reliability analysis
Reliability is defined as the probabilistic measure of whether a system meets certain standards, and can be described as a problem of load (simulated constituent concentrations) and resistance (water quality standards).
This study is focused on the violating probability of a given load versus a given resistance. Therefore, the reliability analysis is expressed in terms of exceedance probability. In general, the exceedance probability means the risk of computed concentrations of any output variable, except for DO, exceeding an existing standard. In contrast to the variables, the risk for DO represents the probability that the computed results will be less than a given standard. The risk using the MCS method can be represented as (Tung & Yen ):
P e ¼ Number of occurrences for Z < 0 ðor R < LÞ Number of total simulations ð13Þ
where Z ¼ R À L; R ¼ a given standard concentration and L ¼ the simulated concentration. The risk using the MFOSM method is represented as 
APPLICATION
The selected site is the 35.04 km main reach of the Nakdong
River from Sengju to Hyunpoong in South Korea. This reach contains the polluted Keumho tributary and some water supply intake plants. The Nakdong River supplies an especially large quantity of water to the metropolitan areas that lie along its route. Therefore, the water quality of the Nakdong River has been an important issue.
Establishment of topographical data
Three-dimensional topographical data were constructed according to the rules of making digital maps by vectorizing the base maps of the research area, which consisted Table 2 shows the flow rate discharge and the water quality data to be used for flow and water quality simulation. These flow rates are annual averaged flow rates in Korea, which usually occur from April to June. Water quality data were also averaged ones sampled and measured by the Ministry of Environment (MOE) during the same periods. In this study area, the BFGS (Broyden-FletcherGoldfarb-Shanno) optimization technique was employed for calibration of the deterministic water quality simulation model (Han et al. , ) . Using this calibrated optimal reaction coefficient, the general 1D steady-state water quality model, QUAL2E, and the proposed 2D model, UUWQM, simulate water quality in the Nakdong River for the purpose of model comparison. Figure 4 displays the results of DO and BOD computed by QUAL2E and UUWQM, respectively, to compare with observed data.
The concentration and associated error bars are mean and ± standard deviation of the water quality data collected from April to June.
The result of BOD, which arrived at a condition of steady state after 24 h, is displayed in Figure 5 with the topographical data of the basin area in a grid format in the ArcView GIS program.
Results of reliability analysis
Reliability analyses were performed based on the aforemen- Table 4 . Table 5 shows the sum of the contributions of the 14 key input parameters.
In the analysis of urban drainage system, Willems A reliability analysis using the MFOSM and MCS methods was performed to determine whether or not the exceedance probability violated the existing water quality standards at the Goryeong Bridge (location 4) and the Dalseong intake (location 5). Water quality is a crucial issue at these locations, which serve as the Ministry of Environment's focal site for the water quality survey and a major intake for water supply, respectively. The exceedance probability (risk) means that the computed concentrations of Figure 4 | Simulated results using the deterministic water quality model. the output variables, except for DO, have the probability to exceed the allowance of the standard. In contrast to most output variables, the risk for DO represents the probability that the computed results will not exceed the allowance of the standard. Figure 6 shows the results of the reliability analysis for DO and BOD, which are generally known as the most important variables for water quality control, it is possible to consider the deterministic analysis and the reliability analysis of water quality for any interesting sites.
In terms of practical use in this study area, the MFOSM method would seem to be the most appropriate when considering its computational simplicity and shorter execution time.
CONCLUSION
In this study, UUWQM based on the finite element method, was developed to consider two-dimensional water quality control problems. This model is able to simulate the 12 water quality variables and to control the point/nonpoint sources in the steady/unsteady state. For uncertainty analysis of the deterministic water quality simulation the MFOSM and MCS methods were employed in this study.
The UUWQM was applied to perform two-dimensional hydrodynamic and water quality analyses of a 35.04 km Using the key input parameters, the MFOSM and MCS methods were applied to test the reliability of simulated results computed at several key stations based on the exceedance or non-exceedance probabilities. From the frequency distributions of output results, the reliability of DO and BOD computed using both methods was almost identical, demonstrating that the MFOSM is an efficient and robust tool to evaluate the uncertainty of water quality simulations.
From a practical decision-making perspective, the performance of the MFOSM method is more attractive because of its lower computational complexity and less effort for execution.
In addition, the proposed model is useful for stochastic analysis of the water quality modeling in establishing the water quality planning and management of the Nakdong River. 
